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Abstract 
The on-machine measurement of a machined workpiece has numerous advantages such as reducing the man-hours and operator-
dependent measurement errors, and improving work-efficiency. In this paper, we propose an external sensor-less on-machine 
measurement system by only utilizing internal servo information in order to add a workpiece-measurement function to ultra-
precision machine tools without increasing the cost. The cutting force observer developed for monitoring the process has the ability 
to estimate the external force with a resolution of 0.05 N based on servo information. Sensor-less contact force control with the 
cutting force observer is applied to an on-machine measurement system. To evaluate the performance, several tests are carried out. 
The results show that the proposed on-machine measurement system is effective at measuring the accuracy of the machined form. 
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1. Introduction 
The on-machine measurement of a workpiece has 
numerous advantages such as reducing the man-hours 
and operator-dependent measurement errors, and 
improving the work-efficiency.  
In particular, high-precision and ultra-precision 
machining require high-accuracy measurements of the 
machining error before implementing compensation 
machining to ensure a high form accuracy [1]. An on-
machine measurement system that does not require the 
detachment of the workpiece from the stage for 
measurement would be effective at reducing the time lag, 
maintaining the coordinates between the measurement 
and the compensation machining, and ultimately 
ensuring a high form accuracy. On the other hand, a 
sensor-embedded stylus and peripheral equipment are 
normally required for on-machine measurement [2]. 
In this study, we proposed an external sensor-less on-
machine measurement system in order to add a 
workpiece-measurement function to ultra-precsion 
machine tools without increasing the cost. The cutting 
force observer developed for monitoring the process [3], 
which has the ability to estimate an external force with a 
resolution of 0.05 N based on servo information, was 
applied to an on-machine measurement system. The 
validity of the proposed on-machine measurement 
system was verified using several tests. The main 
advantage is to scan a workpiece surface by sensor-less 
force control and no requirement to set peripherals.  
2. Methodology of on-machine measurement using 
sensor-less force control  
2.1. Sensor-less force control 
The disturbance force based on a single-mass model 
of a linear motor driven stage is defined as the sum of 
the external load force Fl[N], friction force in the 
guideways Ffric[N], and fluctuating forces caused by the 
thrust coefficient and mass variations. Taking the motion 
equation into account, the disturbance force is given by 
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where Kt is the deviation of the thrust force coefficient 
from the nominal value Ktn; M is the deviation of the 
mass parameter from the nominal value Mn; Iaref is the 
current reference applied to the linear motor; and  is the 
acceleration of motion. From Eq. (1), the disturbance 
force is obtained from two nominal values and the servo 
information. This is called the disturbance observer 
(DOB). When a compensating current equivalent to the 
above disturbance force is applied, any disturbance can 
be cancelled, which makes the motor robust [4]. 
With a robust motor utilizing the disturbance 
cancellation technique, a force control system is 
designed on the basis of an acceleration control system. 
Assuming that the fluctuation of the thrust force 
coefficient and the mass variation by the scanning 
measurement process are negligible, the external load, 
i.e., the contact force between a probe and a workpiece 
in this study, is estimated by subtracting the friction 
force from the disturbance force. Feeding back the 
estimated external load through a low-pass filter (LPF) 
to the controller makes it possible to control the external 
load because of the acceleration control system. Fig. 1 
shows the force-sensorless force control system. Unlike 
general force control that uses a force sensor, it is 
possible to dramatically improve the responsiveness of 
the force control because the time delay between the 
sensor output and the generation of a control command 
is minimized. 
2.2. Scanning measurement method using sensor-less 
force control 
A methodology for scanning measurement without 
employing additional sensors is proposed by applying 
the sensor-less force control in the z-direction. We 
attempt to keep the normal force applied to a probe on a 
free-shape surface constant. The forces acting on the 
probe are shown in Fig. 2 when the probe traces on the 
free-shape surface. Taking into account a situation where 
a stylus with a probe moves in the x direction at a 
constant speed, the normal force and equation of 
equilibrium in the x direction are respectively 
represented by Eqs. (2) and (3).  
 
  (2) 
 (3) 
 
where N is the normal force;  is the angle of the 
slope;  is the dynamic friction coefficient between the 
probe and the workpiece; and Fz and Fx are force 
components in the z and x directions, respectively. 
By eliminating the terms of  by using the relation of 
, the force in the z direction is given 
by 
 
  (4). 
 
In this paper, it is assumed that the friction coefficient 
is sufficiently small, i.e. its value is less than 0.3, and its 
squared value can be neglected. Furthermore, Eq. (4) 
expands to three-dimensions.  
 
   (5) 
 
Because the XY stage makes it possible to estimate 
each force in the x and y directions in real time using the 
external force observer, and a normal force is set as a 
constant value, it is possible to maintain the normal force 
 
Fig.1. Force-sensorless force control system with DOB 
 
 
Fig. 2. Forces acting on probe 
 
 
Fig. 3. Algorithm for proposed scanning measurement 
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by controlling the force in the z direction according to 
Eq. (5).  
Fig. 3 shows the algorithm for the proposed scanning 
measurement. The procedure for this algorithm is 
described below. 
 The z-axis stage moves downward by position 
control. A z-axis position is regarded as the probe 
contact point on the workpiece when the difference 
between the current reaction force  and the moving 
average of the reaction force  exceeds the threshold 
Nth [5]. 
 After the contact detection, the position control for 
the z-axis stage is switched to the force control. The 
z-axis force is controlled on the basis of Eq. (5). 
When the XY-stage feeds a workpiece at a constant 
velocity V1 according to a scanning path set in 
advance, the stylus is forced to move on the surface 
as a result of the force control in the z-direction. In 
this paper, the scanning path is given by a zigzag 
movement on the x-y plane. , , and  shown 
in Fig. 3 are set as 8.4 mm, 0.35 mm, and 0.35 mm/s 
respectively. Because the position in the z direction 
can be read out on the controller during the force 
control, z-axis position data for each location on the 
x-y plane are collected continuously at 4.3-ms 
intervals. 
 Afterwards, the influence of the probe diameter is 
compensated for by taking into account the tangent 
of the obtained curve. Fig. 4 shows a schematic of 
the compensation of the probe diameter. The tangent 
at  can be calculated by using the 
back and forth positions. As a result, the angle of the 
slope is obtained from Eq. (6)  
 
  (6) 
 
By using the angle of the slope and the diameter of 
the probe, the contact position between the probe and 
the workpiece is compensated for as shown in Eqs. 
(7) and (8). 
 
 (7) 
 (8) 
 
3. Experimental setup 
3.1.  Developed ultra-precision machine tool 
In order to enhance the estimated accuracy of the 
external force observer from the viewpoint of 
mechanical structure design, it is necessary to suppress 
the cogging force of the motor and the friction force of 
the guide. Then, a cog-less linear motor and an air-slider 
are employed to develop an ultra-precision machine tool, 
where the friction force can be neglected because of the 
non-contact table drive mechanism. The gravity of the z-
axis stage is mechanically compensated for by using an 
air slider equipped with an air balancer. Fig. 5 shows the 
appearance of the manufactured 3-axis high-precision 
machine tool. A linear encoder with a 1-nm resolution is 
attached to each axis of the machine. As a result, a 
positioning accuracy of 50 nm is achieved for each axis. 
 
 
Fig. 4. Schematic of the compensation of the stylus diameter 
 
 
 
Fig 5. Appearance of the manufactured 3-axis high-precision 
machine tool 
 
 
Fig. 6. Stylus with the spherical ruby probe 
Fig. 7. Measurement object 
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Instead of being used for a tool such as an end mill, the 
stylus is used for on-machine measurement. 
3.2. Experimental procedure 
A stylus with a 1.5-mm diameter ruby probe at the 
end of the shaft, as shown in Fig. 6, is attached to the 
spindle through the collet chuck. The rotation of the 
spindle is locked for the scanning measurement. Prior to 
the workpiece measurement test, a stainless steel 
reference object with a flatness of less than 1 m is 
prepared and the accuracy of the measurement is 
investigated by evaluating the difference between the 
reference value and the measured one. From the results 
of repeated measurements, it is confirmed that an 
accuracy of better than 2 m is achieved for a flat 
surface without compensation.  
The measurement object is shown in Fig. 7. The 
object is fixed on the XY stage with the vacuum chuck 
and a measurement test is carried out at the concave part 
of the spherical shape.  
4. Experimental results 
In order to verify the validity of the proposed normal 
force control, the behaviors of the forces applied in the x, 
y, and z directions are evaluated. Fig. 8 shows the 
behaviors of these forces as a function of the x position 
when the x stage moves at a constant velocity of 0.35 
mm/s. The normal force command is set at 0.5 N. As the 
x-direction force component gradually decreases, the 
one in the z direction increases. Eventually, the normal 
force can be maintained at a constant value of 0.5 N.  
The measurement results for the object shape are 
shown in Fig. 9. The stylus scans the object in the x 
direction at 0.7-mm intervals in y direction. Because no 
smoothing process is performed in the y direction, the 
figure appears to have a stepwise shape in this case. It is 
clear that the proposed method can measure the shape of 
the workpiece on the machine. In future work, we plan 
to evaluate the measurement performance such as the 
measurable range and the accuracy in comparison with a 
conventional three-dimensional measurement device. 
5. Conclusion 
An external sensor-less on-machine measurement 
technique was developed for ultra-precision machine 
tools. The obtained results are shown below. 
1) By applying sensor-less force control in the z 
direction and sensor-less force monitoring in the x 
and y directions, a scanning methodology was 
proposed for maintaining a constant normal force on 
a surface.  
2) The proposed method made it possible to control the 
normal force at 0.5N, despite fluctuations in each of 
the force components.  
3) Without additional sensors and measurement 
equipment, a concave shape could be measured on 
the machine. 
In future work, the accuracy and efficiency of the 
developed on-machine measurement method will be 
experimentally evaluated. 
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Fig. 8. Behavior of each force during movement in x direction 
 
Fig. 9. Measurement results for object 
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